The ratios between the main frequency of rotating stall and rotational frequency may be considered in the form of exact ratios of small natural numbers if the pressure signals in compressors during rotating stall include the rotor rotation frequency component. During rotating stall in compressors with good rotor balancing (with absence of the rotational frequency component in the frequency characteristics of pressure signals), these ratios between the main frequency of rotating stall and rotational frequency are or are not in the form of ratios of small natural numbers. The experimentally received characteristics of power spectral density of pressure signals also show the presence of components with combinations of blade passing frequency and different harmonics of main rotating stall frequency.
Introduction
Rotating stall is an undesirable and even dangerous oscillatory process in a compressor. Its important characteristic is that the phase of fluctuations of pressure on a compressor circle changes in any cross-section depending on the angle of sensor positions (see, e.g., [1] , , [2] , Longley, 1994 and 2007 , [3, 4] , Day and Freeman, 1994 [5] , Camp and Day, 1998 , [6] , Day et al., 1999 , [7] , Bright et al., 1999 , [8] , Inoue et al., 2002 , [9] , Bergner et al., 2006 , [10] , etc.).
Three basic frequencies can be found in a compressor during an established rotating stall process and at its inception: the main frequency of rotating stall, the frequency of rotor rotation, and the blade passing frequency. Besides these, there can be their harmonics and also frequencies representing combinations of these three frequencies and their harmonics.
The physical nature of all these frequencies is absolutely different.
(i) Main (basic) frequency of rotating stall is caused by dynamic characteristics of the compressor and the gas system in which the compressor is included.
(ii) Existence of components with rotational frequency is caused by mechanical reasons (nonideal geometrical sizes of blades, non-ideal balance of disks and blades of the rotor, shift of the axis of rotor rotation concerning the stator axis, etc.).
(iii) Occurrence of pressure fluctuations with blade passing frequency is caused by the gas flow crossing the compressor rotor blades during rotation. These components exist even when compressor balance is ideal.
The two first frequencies are frequencies of about one order; they are usually considered and analyzed in common. Blade passing frequency (being a product of the rotor rotation frequency and the number of rotor blades) surpasses by some ten times the frequency of rotating stall. The amplitude of the pressure oscillations with the blade passing frequency is much less than the amplitude of oscillation with the main frequency of rotating stall. Therefore, in the analysis of rotating stall processes, the component with blade passing frequency, as a rule, has not been taken into consideration (see, e.g., [1], Greitzer and Moore, Figure 2: Determination of integer ratio 3 : 7 from frequency characteristics according to [13] . 1, 2, 3,. . ., 8-harmonics serial numbers.
in compressors during rotating stall include the rotational frequency component. During this research, the compressor rotor was balanced so well that the rotational frequency component in the pressure signals was practically absent. At the same time the blade passing frequency component in pressure signals was clearly visible. This allowed experimental research of multifrequency oscillations in the compressor, as in a nonlinear system in which the components of oscillations rotating stall frequency (RSF) and blade passing frequency (BPF) differed significantly both in sizes of frequencies and amplitudes. The results are presented below.
Links between Parameters in Compressor in Experiments during Rotating Stall
A diagram of links between parameters in the compressor and the measuring system during experiments is shown in Figure 3 : Links between parameters during rotating stall: (a) links between parameters in compressor and the measuring system in the experiments during rotating stall; (b) model of compressor as closed gas system with nonlinear and dynamic parts. Figure 3 (a). The drive provides rotation of the compressor with the RF. The rotor together with its blades creates two frequencies in the gas system: RF and BPF (in addition to the frequencies of inlet signals). The drive defines such parameters in the compressor: pressure in the compressor outlet, outlet , rotational frequency (RF), and blade passing frequency (BPF). Hence, the drive influences the processes three times: once on pressure magnitude and twice on frequencies (rotational frequency and blade passing frequency).
In Figure 3 (a) RF and BPF form closed contours as they are the outlet signals in the mechanical system of the compressor and simultaneously the inlet signals in the gas system of the compressor. The compressor and its gas load also form a closed contour as the load defines mass flow through the compressor, and this mass flow, in turn, together with rotational frequency defines pressure at the compressor outlet. By changing the gas load, it is possible to reduce mass flow through the compressor and receive rotating stall in the system.
The system of information processing from pressure signals defines the components with high (in the field close to BPF) and low (in the field of RSF) frequencies. Thus, using the filter of low pass frequencies (LPF) and the filter of high pass frequencies (HPF), it is possible to receive and analyze the behavior of components of highfrequency and low frequency of pressure signals in the compressor separately.
For simplification we will consider only the closed contour formed by the compressor and gas load. This is a closed system with nonlinear and dynamic parts (see Figure 3(b) ). Let us consider the inlet signal of the nonlinear element as a two-frequency signal:
We approximate the nonlinear characteristic of the compressor as a polynomial of the degree:
Let us substitute (1) in (2) and consider what periodic components will take place in an outlet of the nonlinear characteristic:
Thus, in its outlet the component 1 of the nonlinear characteristic gives the components of pressure change only with frequencies at the inlet to nonlinear element 1 , 2 :
Thus, the component of nonlinear characteristic 2 2 gives in its outlet the components of pressure change with frequencies 2 1 , 2 2 , 1 ± 2 : This means that the component 3 3 gives components of pressure change with frequencies 1 , 3 1 , 2 , 3 2 , 1 ± 2 2 , 2 ± 2 1 .
Because the blade passing frequency BPF = 1 > 0, the basic frequency of rotating stall RSF = 2 > 0, and also 1 > 2 , the component the nonlinear characteristic 3 3 gives components of pressure change with frequencies
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In the general case, theoretically, the nonlinear compressor characteristic in common with change of mass flow on two frequencies gives change of pressure of these two inlet frequencies and additionally their harmonics, as well as the several linear combinations of these frequencies and harmonics:
The change of pressure with these combinations of frequencies at the inlet of the linear dynamic element (compressor connected to its gas system) also gives change of mass flow at its outlet with these combinations of frequencies. However, translation of these signals from the outlet of a nonlinear element through the dynamic part of the system will lead to change of the relationships between amplitudes of components in the spectrum and accordingly to the inlet of a nonlinear element without changing the frequency spectrum of the received signal.
The spectra of pressure oscillation during rotating stall in a concrete nonlinear system of compressor without the However, practically only part of these frequencies are actually visible in the signals of pressure oscillation on the compressor outlet during rotating stall.
Usually, in nonlinear systems such combinational frequencies, which are formed in an identical order of sizes of amplitudes and frequencies of inlet signals, are taken into consideration. In the case of rotating stall the amplitudes and frequencies of BPF and RSF differ on an order and more. Thus, we have the possibility to be convinced that combinational frequencies exist, irrespective of the relations between amplitudes and frequencies of inlet components.
Experiments during Rotating Stall
The experimental work was carried out on a single-stage lowspeed axial compressor. In our opinion, such a compressor is optimal for this research for the following reasons.
(a) In a low-speed compressor, BPF is much lower than in a high-speed compressor. Therefore, the same frequency range (in Hertz) corresponds to a greater order of harmonic of BPF. This allows capturing more harmonics and combinatorial frequencies of them. The characteristics of the different types of blades are shown in Table 1 . Table 2 summarizes the characteristics of the parameters of the compressor design according to the types of blades used. The diagram of sensor positions in one cross-section of the compressor during experiments is shown in Figure 4 .
In this figure the gas flow in the compressor moves perpendicularly to the figure plane (in the annulus, between the two circles). The larger circle corresponds to the external diameter of the compressor, and the small circle corresponds to its internal diameter.
Probes are mounted on the circumference in one crosssection of the stator. The angle between sensors 1 and 2 is equal to 45 ∘ and the angle between sensors 2 and 3 is equal to 150
∘ . Depth of probes insertion (relative to the external diameter of the flow) can be regulated.
The rotor of compressor is driven by an electric motor. During rotating stall the speed of rotor rotation was maintained constant by the motor. Therefore during rotating stall the frequencies RF and BPF were also constant.
The probe represents a thin pipe of small diameter with pressure sensitive element at its end (Kulite XCS-062-5D)
International Journal of Rotating Machinery 5 with natural frequency calculated to be 150 kHz. Hence there was no need for any corrections for the frequency response up to 20 kHz and the signal of the pressure sensor is sensitive to the absolute pressure value as well as its fluctuations and therefore does not depend on the source of these fluctuations (fluctuation in flow rate or fluctuation of sound waves). Mechanical imbalance of the rotor leads to fluctuations in the pressure signal due to the variations in the relative flow geometry and therefore can appear at the rotational frequency and its harmonics. These components of fluctuations can be observed both, during a steady state work of compressor and during rotating stall (see, e.g., Levy et al., [13] ).
Several probes with pressure sensors on the ends of probes are mounted as shown on Figure 5 . Due to this FRAP-design (fast response aerodynamic probe) the delay of transfer of pressure from the inlet probe to the pressure sensors in these probes is absent. The probes have one important difference: the probes of sensors 1 and 2 have Jform ends (short channel forming a corner 135 ∘ with the basic channel); probe 3 has an L-form end (short channel perpendicular to the basic channel). Such a distinction in the design of probes allows seeing dependence of frequency spectra of signals of pressure in one cross-section of the compressor during rotating stall from the angle of installation of a sensitive element in gas flow. In Figure 6 , the performance diagrams of different investigated compressors are shown. The stall is received as a result of mass flow reduction. It can be stated that all investigated compressors will stall at mass flow range that equals to 73-80% of the value at the best efficiency points (BEP).
Frequency Characteristics of Pressure Changes during Rotating Stall: Combinational Frequencies during Rotating Stall
Typical frequency characteristics of pressure signals in onestage compressors during rotating stall are presented in The RRF component is absent in all sensors. On Figure 7(b) , for all sensors, components with frequencies BPF, BPF − RSF, BPF + RSF, and also BPF − 2RSF (by all sensors), and BPF − 3RSF (by sensor 2) are clearly visible. The right hand parts of the PSD characteristics of sensors 1 and 2 essentially differ from the PSD of sensor 3: by sensors 1 and 2 the greatest is the component with combinational frequency BPF − RSF. We may consider the characteristic of sensor 3 in Figure 7 as classical because the value of PSD for BPF is greater than values of PSD for combinational frequencies BPF − RSF, BPF + RSF, and so forth.
The component with rotational frequency (RF) is practically absent in all pressure signals because of good balancing of the rotors in all the above described compressors. Therefore, its harmonics and also combinational frequencies with these frequencies are also absent. In the general case, the amplitudes of the components with combinational frequencies, including BPF, during rotating stall may be greater than the amplitudes of the components with blade passing frequency.
The left hand parts of all PSD characteristics of pressure sensor signals mounted in one cross-section of the compressor at one depth are identical. The right hand parts of PSD characteristics contain an identical spectrum of combinational frequencies in all cases BPF, BPF − RSF, BPF + RSF, BPF − 2RSF, BPF + 2RSF,. . ., but amplitudes of components of different sensors on the same frequencies may differ from each other.
The frequency characteristics of pressure signals presented in Figure 8 are analogous. The frequency characteristics of sensors 1 and 2 in the field of BPF and their combinational frequencies are approximately identical. The difference between the frequency characteristics of sensors 1, and 2 on the one hand and 3 on the other hand is due to the different direction of the inlets.
Spectra of combinational frequencies do not depend on size of corner between short and basic channels of the probes. At the same time amplitudes of fluctuations on these frequencies essentially depend on the form of the probes.
Thus, components with combinational frequencies occur at the outlet of nonlinear elements even when there are significant differences in sizes (10 time or more) of frequencies and amplitudes of components at the inlet of these elements. The frequency characteristics of signals of pressure sensors (having identical characteristics and mounted in the compressor in the same cross-section) during rotating stall can have distinctions in the right hand part of spectra because of distinction in the form of the probes.
Results and Discussions

Links between the Established Frequencies of Rotating
Stall and the Frequency of Rotor Rotation. The links between rotational frequencies and main rotating stall frequencies are shown in Figure 9 . The links between rotational frequencies Thus, the good coincidence with a ratio of small natural numbers 2 : 5 takes place only for the compressor with 20 rotor blades and 23 stator blades 7157. In other cases the links between the main rotating stall frequencies and the rotational frequencies exist, however, not in the form of exact ratios of small natural numbers.
In the classical instability criteria of compressor (e.g., Moore and Greitzer, Greitzer and Moore, [1, 2] ) the Helmholtz frequency can be described by speed of sound, cross-section behind the compressor, length of the compressor, and volume behind. These criteria were (a) developed for models with the concentrated parameters and (b) do not consider influence of features of geometry of blades and their quantity, the profile of channels and so forth. By means of Figures 9 and 10 it is possible to make an experimental assessment of joint influence on main frequencies of rotating stall of that fact that the real compressor is system with the distributed parameters and of various profiles of blades and their quantity.
For compressors with equal geometrical sizes, equal numbers of blades and different profiles of the blades (see on Figures 9 and 10 lines 1, 2, 3 -lines for compressors with equal heights of the blades 60 mm) the experimentally received ratios "main frequencies of established rotating stall to rotational frequencies" are equal to 0.4-0.475; that is, the distinction is less than ±10%. In the case of a compressor with greater height of the blades (90 mm by compressor with 16 rotor blades and 19 stator blades 7160) the ratios of frequencies were smaller than in cases of compressors with smaller height of the blades (60 mm by all other variants of blades).
Thus, experimental confirmation of good correlation of RSF with RF (and also BPF) is received.
Discussion about Why the Combinational Frequencies of RF and RSF Were Not Noticed Earlier.
After detection of combinational frequencies in pressure signals of compressors with RSF and BPF and without the rotational frequency component, there is a natural question as to why the combinational frequencies have not been noticed earlier during rotating stall in compressors which have the RF component. To answer this question it is necessary to realize that this represents combinational frequencies only in the case of the existence of RF components (and its harmonics) and RSF (and its harmonics) in pressure signals.
In such a case, the pressure oscillation in the compressor outlet during rotating stall must have the components of combinational frequencies: * RF − * RSF, * RSF + * RRF,
where = 1, 2, 3,. . . and = 1, 2, 3,. . .. For example, as may be seen in Figures 1 and 2 the frequency characteristics of pressure signals during rotating stall with ratios of RSF / RF = 3 : 7 (i.e., 3RF = 7RSF) and During variations in the speed of sound, the dynamic parameters of the compressor (such as its own natural frequency, OF) will also change:
One form such frequencies is the RSF:
As a result, the RSF varies. At the same time also the BPF changes: BPF = Z rot * RF also changes:
where = 1 2 3 and Δ(RSF) = / rot * Δ(BPF).
Hence theoretically RSF is in close correlation with RF and BPF.
These phenomena could clearly be seen in Figures 9  and 10 where linear relations where measured between the rotating stall frequencies and the frequencies of rotor rotations within a relatively large range.
Conclusions
(1) Generally the frequency characteristics of pressure signals in compressors during rotating stall include the main frequency of rotating stall, the rotational frequency, the blade passing frequency, their harmonics, and also combinational frequencies of these three frequencies and their harmonics. During rotating stall, in compressors with good rotor balancing (with the absence of the rotational frequency component in the frequency characteristics of pressure signals), there are only the components with the main frequency of rotating stall, the blade passing frequency, their harmonics, and also their combinational frequencies.
(2) Usually in the analysis of pressure signals during rotating stall, the blade passing frequency component is seldom taken into consideration because of essential distinctions of its amplitude and frequency from the amplitudes and frequencies of the two other components of rotating stall processes:
(i) Blade passing frequency (being the product of the rotor rotation frequency and the number of rotor blades) surpasses some ten times the frequencies of rotating stall and rotor rotation. (ii) Amplitude of the component of oscillation on the blade passing frequency is ten times less than the amplitude of oscillation in the main frequency of rotating stall.
(3) The presence of links between the main frequency of rotating stall and the rotational frequency has been noted in the literature for a long time. In the case of presence in the pressure signals of components with the rotational frequencies these links can be in the form of exact ratios of small natural numbers.
(4) In the presented research the rotor of the compressor was balanced so well that the component with rotational frequency in the pressure signals was practically absent. At the same time the blade passing frequency component in pressure signals was clearly visible. This allows carrying out experimental study of multifrequency oscillations in the compressor, as in a nonlinear system where the two main components of oscillations differed importantly both in sizes of frequencies and in sizes of amplitudes.
The experimentally received characteristics of power spectral density (PSD) of pressure signals show the presence in pressure signals of earlier not described components with different combinations of blade passing frequency with main rotating stall frequency and their harmonics.
(5) The links between the main frequencies of rotating stall and the rotational frequencies also exist in cases of absence in pressure signals of rotational frequency components. However, (unlike the cases of presence of the rotational frequencies) in such cases these links are or are not in the form of exact ratios of small natural numbers.
(6) In cases of absence of components with the rotational frequencies, the ratios between the main frequencies of rotating stall and the frequencies of rotor rotation differ considerably depending on types of rotor and stator blades and their quantity and do not depend upon the rotational frequencies, at least in the experimentally checked area of 80-100% of the nominal rotational frequency.
(7) The amplitudes of the components with combinational frequencies may be greater than the amplitudes of the components with blade passing frequency. 
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